We study the formation of wrinkles in graphene upon wet transfer onto a target substrate, whereby draining of water appears to play an important role. We are able to control the orientation of the wrinkles by tuning the surface morphology. Wrinkles are absent in flakes transferred to strongly hydrophobic substrates, a further indication of the role of the interaction of water with the substrate in wrinkle formation. The electrical and structural integrity of the graphene is not affected by the wrinkles, as inferred from Raman measurements and electrical conductivity measurements.
PACS numbers: 72.80.Vp
Graphene has received a lot of attention since its isolation from graphite.
1 Although graphene is a 2D crystal, it is so far only found on a substrate, as a membrane with a supporting construction 2 or grown at the surface of SiC.
3 Therefore it is considered to be a quasi 2D crystal. Quasi-2D graphene is in general not flat, but has a tendency to from corrugations, including ripples, wrinkles and bubbles. 2, 4 The curvature associated with such corrugations is predicted to alter graphene's electronic and structural properties. 5, 6 Corrugations are often regarded as undesirable, but they can be exploited for inducing pseudo-magnetic fields, 7 creating chemically reactive sites, 8 and for specific device applications such as optical lenses. 9 Numerical simulations have been done to understand the formation of wrinkles and their impact on graphene.
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Wrinkles are commonly found in chemical-vapordeposition (CVD) grown graphene that is transferred to other substrates. [14] [15] [16] [17] In CVD graphene wrinkles are formed at metal step edges due to thermal stress. The morphology of the metal growth surface can still be seen after transfer. In many cases additional wrinkles, ripples, and bubbles are formed upon transfer. Exfoliated graphene mostly conforms to the corrugations of the underlying substrate, 18 although small additional wrinkles can be observed in a scanning tunnelling microscope.
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In this work we study the formation of wrinkles in graphene during the so-called wedging transfer process, a water-based transfer process. 20 . We give insight in the driving forces for wrinkle formation and provide different routes to control the wrinkle orientation and abundance, or to eliminate wrinkles altogether. We also examine to what extent the electronic and structural integrity of graphene is preserved upon wrinkle formation.
The wrinkle formation can be easily seen with an optical microscope, as illustrated for a graphitic flake in pared by mechanical exfoliation of graphite (NGS Naturgraphit GmbH) on Si substrates with a 285 nm thermal oxide. A hydrophobic polymer film covers the substrate ( Fig. 1(a) ), and is "wedged off" the substrate by intercalation of water ( As a result, the film with the flakes is floating on top of the water surface ( Fig. 1(c) ). Then the water is gradually drained, which brings the polymer film closer to the target substrate underneath ( Fig. 1(d-e) ). Here the target substrate is just another Si/SiO 2 substrate, but the transfer can be done onto arbitrary structures. 20 As water is drained further the polymer film comes in contact with the target substrate and pre-existing wrinkles will act as channels that drain water ( Fig. 1(f) ). Finally, the water is drained away completely and the channels are left behind as wrinkles ( Fig. 1(g) ).
As the thickness of a graphitic sheet is reduced (Fig.  2) , the wrinkles increase in density and decrease in height ( Fig. 2(b-e) ). This can be expected given the lower stiffness of thinner sheets. This is seen in AFM images on different parts of the graphite flake ( Fig. 2(b-e) ).
An AFM image of a single-layer graphene (SLG) flake, identified by its distinct Raman spectrum, 21 is shown in Fig. 3 (a) before and 3(b) after transfer. Raman spectra on this flake taken before (pristine) and after (wrinkled) transfer are shown in Fig. 3(c) The Raman spectra of pristine and wrinkled SLG are very similar, with no defect-related D band near 1350 cm −1 detectable within the noise level.
Next we perform electrical transport measurements in order to estimate the charge-carrier mobility and the mean-free path. We contact several wrinkled SLG flakes with 10/60 nm Cr/Au electrodes using e-beam lithography. A typical device is shown in the inset of Fig.  3(d) . In a four-point field effect transistor (FET) geometry we measure the resistance as a function of applied back-gate voltage, Fig. 3(d) . The measurement is done in high vacuum (∼ 10 −5 mbar) at room temperature. The flake geometries are irregular. For estimating the conductivity from the conductance we choose an aspect ratio such that the mobility values obtained are an underestimate. The charge-carrier density is calculated by applying the parallel plate capacitor model, taking the usual conversion factor for 285 nm SiO 2 of 7.56 · 10 10 cm 2 V −1 . From the slope in Fig. 3(d) we calculate a hole mobility of 3800 cm 2 V −1 s −1 and an electron mobility of 4400 cm 2 V −1 s −1 . These are typical values found for SLG on SiO 2 . We have no indication that the wrinkles degraded the mobility. This is not surprising given that the mean free path is around ∼ 20 nm and the wrinkleto-wrinkle distance is ∼ 1µm. Fig. 4(a) shows an AFM height profile of a typical wrinkle. The mean height along the wrinkle is H = 3.3 ± 0.4 nm with a mean FWHM of W < 6.8 ± 2.2 nm (due to the width of the AFM tip, the width measurement is an upper bound). These dimensions are well in the regime of H 2 /W a > 1 (a = 0.24 nm is the graphene lattice constant), where the pseudo-magnetic field from the corrugations is predicted to be large enough to induce a zero-energy Landau level.
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In Fig. 4 (b) we demonstrate that using the morphology of the substrate we are able to control the orientation of the wrinkles to a certain degree. We have fabricated 1 µm spaced metal strips of 200 nm wide and 55 nm high. SLG is transferred onto these periodic structures, and is partially suspended between the top edge of the step edges and the substrate, as can be seen in Fig. 4(b) . It shows that there is room for water to evacuate near the steps. Wrinkles form in the direction perpendicular to the steps (Fig. 4(c) ), presumably so that water can be evacuated towards the steps, and outwards from there. In this way we demonstrate the possibility to align nm sized wrinkles in graphene. We propose that milling small trenches (< 50 nm width) in a substrate would yield a similar result, if graphene can freely suspend over these trenches. This could be used to study electronic transport across multiple aligned wrinkles.
Finally, we show that wrinkle formation can be prevented altogether by transferring flakes onto hydrophobic substrates, as shown in Fig. 4(d) for a SLG flake. To render the surface hydrophobic, it was functionalized with a fluoroalkane molecule (CF 3 (CF 2 ) 8 (CH 2 ) 2 SiCl 3 , Sigma Aldrich). This observation supports the hypothesis that water plays a key role in wrinkle formation during wedging transfer.
In summary, we find that wet transfer of graphene onto commonly used hydrophilic substrates induces wrinkles in graphene. Raman measurements show no detectable defect-related D-peak in this wrinkled graphene, and transport measurements show mobilities comparable to those found before transfer. It is possible to control to a certain extent the density, size and orientation of the wrinkles. This could be useful for studying electronic transport across a controlled number of (aligned) wrinkles. It also opens up the possiblilty to explore a number of other experiments. In the presence of a magnetic field, the angle between field and flake will vary on a nm length scale. In addition, the curvature induces local pseudo-magnetic fields. 7 The curvature also increases chemical reactivity which can be exploited to chemically bind atoms or molecules 8, 23, 24 in one-dimensional patterns along the wrinkles.
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